In high performance aerospace systems where weight and aerodynamics are of major concern, fiber reinforced composite laminates can be tailored to achieve desirable mechanical properties and accommodate low-profile microstrip antenna. This work aims at the analysis of microstrip antenna array embedded in composite laminated substrates. The size of a single antenna is first calculated by spectral domain analysis to model the effects of the substrate's electromagnetic property and the orientation of the laminate layers. The antenna array as well as the feed network, composed of microstrip transmission lines, quarter wave-length impedance transformers, and T-junction power dividers, is then tuned to accommodate the effects of the coupling between the antenna elements and the feed network loss. The performance of the 1 × 2, 1 × 4, and 1 × 8 linear array and 2 × 2 and 2 × 4 planar array are shown to have better directivity when embedded in composite laminated substrate compared with those when attached on isotropic substrate. Both 1 × 2 and 1 × 4 arrays at 2.4 GHz are validated experimentally to achieve better coverage.
Introduction
The concept of microstrip antennas has received attention since the development of printed circuit technology, photolithographic techniques, and low loss tangent substrates. A microstrip antenna is a thin metallic patch on dielectric substrate to radiate a relatively broad beam. In high performance aerial vehicles where size, weight, and performance are of major constraints, low-profile microstrip antennas embedded in composite laminated substrates are desirable. However, the antenna suffers from low gain, poor polarization and narrow bandwidth, and the radiation pattern is usually relatively wide with low directivity. In many applications, better antenna performance can only be accomplished by antenna array.
The radiation pattern, directivity, and gain of antenna arrays have been analyzed [1] . Shavit [2] developed a transmission line model to analyze the antenna performance. Many recent works have been proposed to increase antenna gain [3] , enlarge bandwidth [4] , and improve directivity [5] . Others also considered numerical method to analyze the performance of antenna arrays [6] . Of these works, however, the arrays were attached on isotropic substrates. Fiber reinforced composite laminates have been used in aerospace structures, where laminate layers bonded into a substrate can tailor desirable mechanical properties and facilitate embedding microstrip antenna. Smart structures with fiber optic sensor [7] , piezoelectric sensor/actuator [8] , and smart layer module [9] have been shown capable to measure and respond to operating conditions. Conformal Load-bearing Antenna Structures (CLAS) by embedding microstrip antenna have also been considered over conventional dipole or monopole antenna. Yet little is known about the effect of substrate property on antenna performance. The concept of smart skin with microstrip antenna was based on the assumption of uniform, isotropic substrate [10] - [14] . The antenna gain of a 1 × 2 array in woven composites was shown, as expected, better than the single antenna, but the conclusion was drawn by assuming the woven composites as isotropic substrate [15] . It is now known that the performance of an embedded microstrip antenna is dependent upon the substrate's electromagnetic property [16] . This work aims at design and analysis of microstrip antenna arrays embedded in composite laminated substrates where the effects of substrate's electromagnetic property on array performance can be understood.
Linear and Planar Antenna Array
An antenna array is a set of antenna elements whose signals are coordinated to achieve better antenna gain, directivity, and signal-to-noise-ratio over those of a single antenna. The total field of an array is determined by the vector addition of the antenna elements where the radiated fields interfere constructively in the desired direction(s) to achieve better directivity. In an array of identical elements, the geometrical configuration (linear or planar), the pitch (space), the excitation amplitude and phase, and the radiation pattern of each antenna element are key to array performance. Consider a 2-element linear array of infinitesimal horizontal dipoles positioned along the z-axis as shown in Figure 1(a) , and the radiated field in the y-z plane is 
which is equal to the field of a single antenna element positioned at the origin multiplied by an array factor, 
which is a function of the number of elements, the geometrical configuration, relative magnitude and phase, and pitch. For the elements with identical amplitude, phase, and pitch, the antenna gain of the array is
In addition to linear array, planar array also provides additional variables to shape more versatile patterns with lower side lobes. Similar to the linear array in Figure 1 
Spectral Domain Analysis
It is believed that a load-bearing structural component integrating microstrip antenna shall improve aerodynamic and communication performance. A composite laminated substrate is characterized by the diagonal permittivity matrix of each of the anisotropic layers ε in the free-space. In practice, the antenna's axes (x-y-z) may not necessarily be co-linear with any of the substrate's principal (1-2-3) axes, and that leads to a non-diagonal permittivity matrix. For the antenna attached on an anisotropic layer, the permittivity matrix becomes non-diagonal and the 5 distinctive non-zero elements (dielectric constants) are functions of the antenna orientation relative to the substrate's fiber direction.
In spectral domain, the electromagnetic wave propagation can be solved by the electric and magnetic Hertzian potentials with the coordinate transformation between the antenna's axes and the substrate's axes 
Similarly for the air medium, the wave equations can be written by
and the solutions are
where ε is the substrate thickness, (7) and (9) are determined by the boundary conditions at the interface of ground plane, the adjacent layers, and the antenna layer.
The electric field components on the top layer can then be represented by N A and N B in matrix form in spectral domain
where y J  and z J  are the Fourier transforms of the current densities on the antenna. The immittance matrix is function of fiber direction and layer thickness, dielectric constants 1 ε along the fiber direction and 2 ε along the other two principal axes. The antenna's spectral current components can therefore be solved by modal analysis in terms of the base functions
For a rectangular microstrip antenna of dimension L × W, the base functions can be selected similar to [16] as
In spectral domain, they are
where ( ) δ ⋅ is the Dirac delta function. The coefficients of the base functions can be determined by the eigensolution associated with Equation (10). The dimension, resonant frequency, and the radiation pattern of an embedded microstrip antenna can then be calculated by the surface currents.
Antenna Array Design
In Conformal Load-bearing Antenna Structures (CLAS), the embedded microstrip antenna is preferable to be on the same laminate layer with the feed network because of the compatibility in fabrication process. The smart layer module utilizing the flexible printed circuit process to encapsulate sensor/actuator has been recently developed [9] . By the same concept, the antenna array and feed network are patterned by a copper film of 17.5 µm thickness on polyimide layer of 12.5 µm thickness (CRI-0512S, DuPont 
across the fiber direction).
A rectangular microstrip antenna on isotropic substrate is commonly analyzed by the transmission line and cavity model. For the coordinate system as shown in Figure 1(b) , the resonant frequency of the dominant TM 010 mode is given by
and L ∆ is the extended incremental length due to fringing effects, The pitch between the elements can be any but preferably less than one wavelength ( ).
The feed network is composed of transmission lines, quarter-wavelength impedance transformers and T-junction power divider. The antenna frequency will be deviated by the coupling between the two elements and the feed network.
Simulation results show that the pitch between the antenna elements is 77.5 mm ( )
The return loss ( )
11
S is shown in Figure 2 (a) with 5.2 dB antenna gain, about 2.2 dB higher than the single element, and the far field pattern (E-plane) in Figure 2(b) . The antenna gain of the 1 × 2 array should have been 6.9 dB from Equation (3) if neglecting the effects of the coupling between the two antenna elements and the feed network loss. analysis show that the pitch is 79.4 mm ( ) Figure 4(a) shows the return loss of the array, where the antenna gain is 7.0 dB, about 4.0 dB higher than the single antenna element. The array factor in Equation (3) predicts the gain should have been 10.1 dB; however, the antenna coupling effect and the feed network loss reduce the gain to 7.0 dB. The far field pattern of electric field with better directivity is shown in Figure 4(b) .
The 1 × 8 antenna array with the pitch at 77.5 mm ( )
on the composite laminated substrate operating at 2.4 GHz has the antenna gain 8.7 dB in Figure 5(a) . The far field pattern (E-plane) in Figure 5(b) . The gain should have been higher from Equation (3) when neglecting the antenna coupling effect and the feed network. Table 1 summarizes comparison of the antenna gain of the linear arrays. The bandwidth maintains at about 2% ~ 5%. The effects of the substrate's electromagnetic property on antenna gain become more significant as the array size increases. In addition to linear array, a planar array has the maximal gain when sin cos 0 sin sin 0. The antenna gain is 7.6 dB, which is less than the prediction of 14.0 dB by Equation (4) because of the effects of the coupling between the antenna elements and the feed network. The antenna gain is still superior to the 1 × 4 linear array of 7.0 dB. With the same number of antenna elements, the performance of planar array is better than that of the linear array. The 2 × 4 antenna array operating at 2.4 GHz on composite laminated substrate is shown as Figure 6(b) with the y-and z-axis pitch of 62.8 mm. The feed network is composed of seven T-junction power dividers and eight transmission lines, and the antenna gain is 9.7 dB. Table 1 also shows the comparison of antenna gain, where the gain increases about 2 dB when the number of the antenna element doubles.
The microstrip antenna arrays of 1 × 2 and 1 × 4 are measured to verify the above simulation results. Figure  2(a) shows the return loss measurement by network analyzer (Agilent Technologies E5071B) is in good agreement with the simulation. Similar return loss measurement of the 1 × 4 antenna array is also shown in Figure  4 (a). Previous work of a single antenna element on composite laminated substrates shows that the resonant frequency is a function of the substrate's property. In this work, the resonant frequency of an antenna array is shown influenced not only by the substrate's electromagnetic property, but also by the coupling between the antenna elements and the feed network loss. The performance of the antenna arrays are validated by connecting to a wireless access router to show that the coverage of the 1 × 2 and 1 × 4 antenna arrays has improved 40% and 80%, respectively. 
Summary and Conclusions
1) Recent development of Conformal Load-bearing Antenna Structure (CLAS) by embedding microstrip antenna inside composite laminated substrates is desirable to have sufficient structural and antenna performance. Microstrip antenna has the advantage of low profile, low weight and conformability for minimizing disturbances to aerodynamic field. The design of rectangular microstrip antenna arrays operating at 2.4 GHz is presented in this work. The single antenna element is first calculated by spectral domain analysis to model the composite substrate's electromagnetic property, and the performance of antenna array is then determined by considering the coupling between the antenna elements and the feed network loss.
2) The antenna array and microstrip feed lines are deposited on polyimide layer which is then embedded inside [45/-45/45/45/-45/45] substrates. Analysis shows that the size of antenna element in composite laminated substrate is 22% higher both in length and width over that in isotropic substrate. Both the 1 × 2 and 1 × 4 linear arrays are validated experimentally by connecting to a wireless access router to show improvement of the coverage distance. About 40% improvement by rectangular microstrip antenna array is increased by the 1 × 2 array and 80% by the 1 × 4 array.
3) The feed network of microstrip transmission lines is shown to influence significantly the frequency of an antenna array. The pitch distance of 1 × 2, 1 × 4, 1 × 8, 2 × 2 and 2 × 4 arrays are determined by tuning the length of the transmission lines. The antenna gain predictions in Equations (3) and (4) are strongly influenced by the substrate's electromagnetic properties and the coupling effect of the antenna elements in the array. The antenna gain increase in the planar array is higher than that in the linear array, but the feed network design is more complicated.
